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Atter ultoacabet Liehtireadiation, strain 6461 of Bacillus cerens ly=ed, rc-uh-
g in the release of 1ovin, phospholipa-e, and mature phage particles. Small
amouits of tosin and phospholipase produced by nonsiwduced cultures were
vorrelited with the infrizuient  spontieous release of bacteriophage,  Sta-
tonary incabution following ultravieolet \mhuuun results in a greater yield of '
tenin el phospholipase than post irradiation incubation on a shaker. l’ml-D
iradintion inculsition ot temperatures below 37° eithér reduced (30°) or pre-
vented 226 vosin and phospholipase production. A elene was obtained . which
Was sensitive G the phage from the parent steain and was presumably no longer
Wsmgenic for it Ve cared strain sl exhibited altraviolet-induced ‘optieal
density devline accompaticd by release of toxin and phospholipase. Mitomycin
C wonld innduce <rain 6464 and the cured strain derived from it and hoth re-
feaseal tonin wanl phospholipase during mitomyein C induced lysis. The induced
Ivsis of the cured strin could be prevented by postinduction treatment with
inhibitors of <vuthesis of protein (rhlurunphen:rol) R\ A (actinomyein D), or
DN (3-Auoranracid deonyriboside).

Introduction

Few previous studies have investigated the possibility that production of
toxins and phospholipase by strains of Buacillus cereits was other than a con-
sequence of normal bacterial growth. The paper by Kushner (4) clearly showed
that under some conditions, phospholipase was produced during logarithmic
growth whereas other grewth conditions allowed lecithinase production onty
after the logarithmic growth phase. A preliminary report from this laboratory
(1) has shown that there is a pronounced liberation of phospholipase, phos-
phatasemia factor (7), and edema factor following ultraviolet induction of a
Ivsogenic strain of B. eereus. "This paper deseribes additional experiments con-
cerning this phenomenon and theresults indicate that the liberation of these
entities is associated with the bacterial Ivsis which follows treatment with
agents which tvpically induce the development of temperate bacteriophage.

o r:
Abstract U '{
€

Methods

The strains of B. cerens emploved were those from the stock cultures at this
Laboratory. Spore suspensions were prepared from potato agar slants for each
one of these strains according to the method of Thorne (10). Unless otherwise
uored, the growth medium was the casmmine acids medinm. described by
Thorne and Belton (8) except that 10 times the usual concentration of phos-
phiate salts was emploved.

Cudtures were prepared for ultraviolet irradiation as follows: about 107
spores of the «train to be investigated were inoculated into § ml of casamino
acid broth in tuhes, These cultures were incubated with shaking at 37° until
the aptical density at 650 mg had reached 0.500 to 0.600. Three milliliters of
such a culture was pipetted into a pressed bottom petri dish and irradiated.,
with vigorous shaking, for the indicated number of seconds at a distance of
14 inches freen o G germicidal lamp (15 watts), Two milliliters of the ir-
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718 CANADIAN JOURNAL OF MICROBIOLOGY. VOL. 10, 1964

radiated suspension was added to tubes containing 5 ml of fresh casamino
acids medium and the cultures were further incubated as described in the text.
At selected intervals, cultvres were filtered through sintered glass filters or
chilled immediately and centrifuged in the cold to remove the cells. The
filtrate or supernatant fluid was then assayed for phospholipase, edema
factor, an:| bacteriophage particles.

The bacteriophage assay methods were those described by Thorne (10).
The best ;ndicator strain for the phage was B. cereus, strain 569. Phespholipase
was assaved by the egg yolk broth method reported by Molnar (5) except that
incubation was continued overnight at 37°. The phospholipase titer is the
reciprocal of the highest dilution showing a positive reaction. The guinea pig
skin test for toxin was performed as described by Thorne et al. (9). Twofold
serial dilutions of the sample in gelatin phoco‘late are injccted intracutancously
on either side of the vertebral column. Af{t<: 18 to 24 hours, edema appears at
the site of m)ectlon of toxin-containing samples. The highest dilution at which
an edema reac:ion can be palpated constitutes the titer of the sample tested.
Mitomycin C was dissolved in sterile 0.1 A/ phosphate buffer, pH 7.4, to a con-
centration of 100 ug/ml and refrigerated until needed. Stock solutions of
actinomycin.D (1 mg/ml) and 5-fluorouracil deoxyriboside (5-FUDR) (1
mg/ml) were prepared in 0.1 M phosphate buffer, pH 7.4, and sterilized by
filtration through a sintered glass filter. These solutions were stored at 4°
until used.

Results
1. Release of Edema Factor (EF) and Phospholipase (PL) by U.V. Treated or
Mitomycin C Exposed Cells

The production of phospholipase and toxin (edema factor) during post-

irradiation incubation of cells is presented in Fig. 1. Both EF and PL appear in
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Fi16. 1. Toxin, phospholi ase, and bacteriophage release from strain 6461 following
ultraviolet irradiation. Incubation was on shaker.
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the culture filtrate concurrently with an increased number of mature phage
particles. Subsequently, the titer of these two activities rose to a maximum and
in some cases declined after this peak. In this experiment there is a fall in
toxin titer whereas the phospholipase titer remains high although in other
experiments there was a small drop in phospholipase titer as well. Losses in
lecithinase activity in cultures of B. cereus have been attributed to physical
effects of shaking, probably surface denaturation (4). '
The excellent induction produced by mitomycin C is presented in Fig. 2.
In this case the culture was grown up to an optical density of 0.200 and mit-

omycin C was added so that the final concentration was 0.1 ug/ml. Immediately-

and every 30 minutes thereafter a tube was filtered and the filtrate assayed for
EF, PL, and bacteriophage particles. The results which we cbtained with
mitomycin C are very similar to those of Otsugi et al. (6) wherein a lysogenic
Escherichia cols strain could be induced by exposure to mitomycin C.
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Fi6, 2. Toxin, phospholipase, and bacteriophage release lollowing mitomycin C induc-
tion of strain 6461. All incubation was on the shaker. ]

2. The Effects of Agitation on Irradiated Cuitures

General experience in this laboratory has indicated that there was better
production of phospholipase and edema factor in static cultures as compared
to cultures incubated on a shaker. Accordingly the release of PL and EF by
ultraviolet irradiated cells was determined by postirradiation incubation in
the stationary or shaken condition. The results presented in Table I indicate
that nigher titers of both PL and EF are produced under static incubation.
‘The increases in the titer of these two activities preceded the measurable
decline in optical density. An increase in the nvmber of bacteriophage particles
was also noted.
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TABLE 1|
Productnon of toxin and phospholipase by shaken and static cultures of ultraviolet-induced 6464
= 4
Minutes Shaken ] - Static o
after : . : :
irradia- Phage ~ Optical - Phage Optical
tion titer density Toxin PL titer density Toanin PL ‘
0 1.6X10° .160 8 0 3.8X10 .45 . 2 0
30 3.2x10¢ .235 8 0 3.7X10¢ 185 8 2
60 6.8X10% © 345 16 2 7.7X10 220 ¢ 32 4
90 6.6X107 .250 - 32 4 1.7X108 .270 64 4
120 6.1X10° .160 16 4 9.9X10¢ 310 64 8
150 2.5X%107 .130 8 4 4.7X107 .305 32 8
120 4.9X107 .100 16 4 1.1X10% .210 64 8

NoTE: Cells of strain 6464 grown on shaker to opnml density of 0.600 and irradiated for 20 seconds. Posrir-
radiation incubation conducted at 37 °C as specified in table. Toxin and phocphohpase (PL) titers are reciprocals
of the highest dlluuon of filtrate exhibiting the respective activity.

T 5. Spontaneous Rclease of Phage, Edema Factor, and Phospholipase

" The foregoing data illustrate the coincidence between cell lysis and the
release of phospholipase and edema factor. Subsequently, cultures unirradiated
but receiving otherwise identical treatment were examined to determine the
relationship between phage, phospholipase, and edema factor in the absence of
‘u.v. induction. The data in Table 1I show that during growth of unirradiated
Cells, there is a release of some toxin (edema factor) and phospholipase ac-
companied by an increase in phage titer. The titer of these agents decreases
upon further incubation, probably attributable to surface denaturation (edema
factor and phospholipase) and readsorption in the case of bacte-*ophage.

TABLE 11

Toxin, bacteriophage, and phospholipase production by
unirradiated cultures of B. cerexs strain 6464

Minutes after Phospho-

dilution 0O.D. Toxin lipase Phage/ml

0 .220 2 2 7X103

30 : .410 2 4 9.4X108

60 ' .630 8 16 4.5%10¢
90 .785 8 - 32 3.8X108 ¢

120 .850 2 32 . 1.6X10¢

150 .900 2 16 - 3.8X103

180 .950 2 _— X102

NotEe: Cells grown on shaker to optical density of 0.600 and diluted as in irradiation ex-
periments, Postdilution incubation on shaker at 37 °C. Toxin and phosphollpnse titers are
_reciprocals of the highest dilution of filtrate exhibiting the respective activity.

4. Effect of Temperature of Incubation

In a number of eiiteric organisms it is known that, after infection with a
temperate bacteriophage, the initial establishment of the lyscgenic condition
-is favared by relatively low temperature (20-25°) whereas vegetative replica-
tion yielding cell lysis is favored by somewhat higher temperatures (35-37°).
The data in Table HI show that the amount of PL, EF, and bacteriophage
liberated decreased as temperature of postirradiation incubation was lowered.
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[t should be noted in the data of Table 111 that each temperature of post-
irradiation incubation represents a separate experiment. Therefore, the base-
line titers at zero time are different for each temperature; however, the change
in titer following irradiation is the important consideration.

5. Isolation of a Clone Cured of the Bacteriophage

The foregoing evidence indicated « relation between multiplication of the
temperate bacteriophage and the elaboration of edema factor and phos-
pholipase. It was of considerable interest to investigate the response to ir-

- radiation and the release of edema factor and phospholipase by a culture of

cells cured of the functional prophage carried by the parent strain. Conse-
quently, spores of the parent strain were incubated in casamino acids medium
until the optical density showed about a 509 increase. At this time, the cul-
ture was irradiated with ultraviolet light for varying lengths of time. After

each interval of irradiation, an aliquot was removed and suitably diluted and

plated by being spread on the surface of nutrient agar plates. lrradiation for
240 seconds allowed only 0.15%, survival of the original plating centers. A large
number of clones of surviving cells was picked and these were screened to
detect sensitivity to the phage produced by the parent. One such clone, re-
ferred to as the cured strain, was found to be sensitive to the bacteriophage
from the parent strain and to give an efficiency of plating 100-fold greater than
the indicator strain, B-569, rotinely employed. Assessment of ultraviolet

induced lysis and edema factor and phospholipase production by the cured

strain gave the results presented in Fig. 3. These data show that the strain
cured of the complete prophage still possesses an ultraviolc: inducible lytic
svstem which liberates edema factor and phospholipase upon cell lysis. Thus
the possible critical role of the functional prophage in the formation of either
edema factor or phosphulipase is excluded; however. tlis experiment demon-
strates anew that cell lvsis leads to the elaboration into the medium of these
two activities.

6. Lffect of Inhibitors on Induced Lysis of the Cured Strain Using Mitomycin
C as the Inducer

In an attempt to learn the nature of the inducible lytic response in the cured
strain, the action of inhibitors of protein, RNA, and DNA synthesis was
determined. Cells grown in the casamino acids medium were induced by the
addition of 0.2 ug of mitomycin C per ml. Immediatelv thereafter suitable
concentrations of these inhibitors were added and the response as measured by
optical density changes was determined. The results presented in Table 1V
show that lysis of induced cells could be completely prevented by addition of
either chloramphenicol or actinomycin D or S-fluorodeoxyuridine. Such
results indicate that: macromolecular synthesis following induction is requisite
for the processes leading to cell lysis and that the three vital classes of bio-
logical macromolecules, name!s protein, RNA, and DNA, are involved in the
postinduction lysis (see Discussion).

Discussion
Other studies about the relation between lysogeny and toxinogeny in
Corynebacterium diphtheriae have shown that classical lvsogeaic conversion
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Fr5. 3. Toxin and phospholipase release following ultraviolet irradiation of ‘cured’
clone of strain 6464, All incubation was on shaker.

is not involved in any simple causal relation. Instead, there is ample evidence
that induction of lysogenic diphtheria bacilli leads to release of toxin only
during and after actual cell lysis by the intracellularly multiplying bacterio-
phages (2). In the cases reported here, a very similar situation seems to exisv.
All the evidence presented shows that edema factor and phospholipase are
released in conjunction with cell lysis and that this occurs even in the absence
of the complete prophage carried by the parent strain. Clearly both the parent
strain and the cured strain possess some inducible Ivtic svstem whose opera-
tion ultimately results in the release of both phospholipase and edema factor
into the medium. Indeed, it appears that this is the mechanism of toxinogeny
in this strain of B. cerens as opposed to a hypothesis which would require that
internally produced edema factor and phospholipase diffuse out of the infact
cell.

[t would be advantayzeous to be able to study formation of inteacellular
vdenmi factor produced before cell lysis; however, the Lability of this toxie
factor to the usual methods of cell extraction has so far prevented this ap-
proach. It is not at all certain that intraceliular edema factor would be found
even with a sufficiently gentle extraction method. This substance (edema
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factor) might be present in a latent form in the cell envelope and only upon cell
lysis (rupture) would the cell envelope be exposed to intracellular enzymes
which could then free the toxic entity. A very similar concept is the mechan-
ism of formation of bradykinin by the action of trypsin on serum proteins (3).

A considerable release of edema factor and phospholipase upon induction of
the cured strain is of great interest. Although the complete prophage has been
eliminated, there still remains an inducible lytic system which eflects the
release of the two substances studied here. The results with inhibitors show
that the remaining inducible lysis can be prevented by chloramphenicol,
actinomycin D, or 5-fluorodeoxyuridine, which prevented the synthesis of
protein, RNA, and DNA respectively. In this regard, the lytic system strongly
resembles defective lysogeny or bacteriocinogeny, which are siinilar phen-
omena. However, attempts to detect a hypothetical second phage by plating
filtered lysates of the initially cured strain on a wide variety of B. cereus
strains and Bacillus species were unsuccessful. Cells of the cured strain were
subjected to the usual curing procedure as outlined in the results section in the
hope that a clone could be found which was cured of the hypothetical second
phage and would be an indicator or which was no longer inducible to lysis by’
ultravivlet light or mitomycin C but such a clone could not be found. Electron
microscopy of lvsates of the cured strain to detect morphologically distinct
but defective phages was not attenpted. Although the fact that an inhibitor
of DNA svnthesis prevented induced lvsis of the cured strain strongly sug-
gests that phage replication precedes lyvsis, no direct evicence of double lyso-
geny of the parent strain 6464 has been obtained. ’
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